gram was begun to breed a Fusarium wilt-resistant birdsfoot trefoil. Our objectives were to (i) determine progress from recurrent phenotypic selection for resistance to Fusarium wilt in six birdsfoot trefoil populations and (ii) compare forage yield and persistence of Fusarium wilt-resistant populations to unselected populations in fi eld trials. Recurrent phenotypic selection was effective in improving resistance in the greenhouse, with mean improvement of 35% across all populations after three cycles of selection. In a fi eld with high natural disease pressure, a population developed after two cycles of selection for resistance had lower levels of disease incidence and yielded 1.33 Mg ha −1 more than the mean of nine cultivars in the seeding year. The Fusarium wilt-resistant population had 52% higher plant stand than the mean of the other cultivars at the end of the fi rst production year. In a trial inoculated with the Fusarium wilt organism, two cycle 3 populations averaged 28% more yield by June of the fourth production year and 22 more plants per m 2 than the mean of the unselected populations. Birdsfoot trefoil with resistance to Fusarium wilt yielded more and persisted longer than other cultivars under Fusarium wilt-infested fi eld conditions.
The causal organism of Fusarium wilt was fi rst proposed by Bergstrom and Kalb (1995) as Fusarium oxysporum f. sp. loti based on its specifi c ability to cause rapid root necrosis and death of birdsfoot seedlings but not of other legume species. This taxonomic designation was confi rmed by Wunsch et al. (2009) . The Fusarium oxysporum isolates pathogenic to birdsfoot trefoil have a unique host range relative to other pathogenic Fusarium oxysporum tested; they cause severe vascular wilt on birdsfoot trefoil but not on alfalfa (Medicago sativa L.), red clover (Trifolium pratense L.), dry bean (Phaseolus vulgaris L.), or soybean [Glycine max (L.) Merr.] . Fusarium oxysporum f. sp. loti is only known to occur in New York and Vermont, and all isolates of pathogen collected in New York and Vermont were vegetatively compatible and are characterized by a single clonal lineage. Fusarium wilt is distinct from general root and crown rot of birdsfoot trefoil; general root and crown rot of birdsfoot trefoil is caused by a complex of pathogens including Fusarium oxysporum and does not lead to vascular wilt or rapid plant death (Berkenkamp et al., 1972) .
In the 1990s, fi eld and greenhouse studies tested 12 commercial cultivars of birdsfoot trefoil and found all of them were highly susceptible to Fusarium wilt (Bergstrom and Kalb, 1995) . Zeiders and Hill (1988) used recurrent phenotypic selection in the greenhouse to signifi cantly improve resistance to Fusarium wilt/root and crown rot in two birdsfoot trefoil populations. They recommended that resistant plants could be selected from greenhouse grown plants inoculated with Fusarium oxysporum after the Fusarium wilt disease had had suffi cient time to develop (120 d or more). Altier et al. (2000) showed that one cycle of phenotypic selection in the greenhouse using a composite of Uruguayan Fusarium oxysporum isolates increased the level of resistance to Fusarium root and crown rot in trefoil adapted to Uruguay. The Uruguayan Fusarium oxysporum isolates cause vascular wilt and root necrosis similar to the disease symptoms caused by Fusarium oxysporum f. sp. loti, but the wilt symptoms develop more slowly. The Uruguayan isolates of Fusarium oxysporum are primarily associated with disease development on mature plants, with disease symptoms and plant mortality becoming most severe in the second and third production years (Altier, 1997) . Fusarium oxysporum f. sp. loti causes considerable plant mortality at the seedling stage. Although both Zeiders and Hill (1988) and Altier et al. (2000) reported progress from selection in the greenhouse, neither evaluated productivity nor persistence under fi eld conditions.
Our objectives were to determine progress from recurrent phenotypic selection after three cycles of resistance to Fusarium wilt in six birdsfoot trefoil populations under greenhouse conditions and to compare forage yield and persistence of a subset of the Fusarium wilt-resistant populations with unselected populations in fi eld trials.
MATERIALS AND METHODS

Recurrent Phenotypic Selection for Fusarium Wilt Resistance
Plant Material and Inoculum
Six experimental birdsfoot trefoil populations were used in this breeding and evaluation study. The six populations were CH1 (now the cultivar AC Langille; Papadopoulos et al., 1997) Lowe, personal communication, 1982) .
Three cycles of recurrent phenotypic selection for resistance to Fusarium wilt were completed for each of six birdsfoot trefoil populations. A sample of 4000 to 4800 plants from each population was screened for resistance at each cycle of selection. Seeds were planted in sterilized wooden fl ats (350 × 510 × 130 mm) fi lled with sterile medium-grade vermiculite. A susceptible check row (40 seeds) of Viking was included in each fl at to monitor disease progress. Soluble trace elements and Rhizobium loti Dang were applied at planting, and liquid 10-10-20 fertilizer was applied weekly. Plants were grown in a greenhouse at ~24°C, with a 24-h daylength supplemented with infl orescent lighting for 12 wk.
Three isolates of Fusarium oxysporum f. sp. loti (Fol 067NY-94, Fol 069NY-95, and Fol 072NY-95) were provided by G. Bergstrom and D. Kalb. Fol 067NY-94 was a reisolation in the Bergstrom lab of Fusarium oxysporum culture no. 1371 from K. Leath, USDA-ARS, State College, PA. The original culture was from a symptomatic birdsfoot trefoil plant from Essex County, NY. Fol 069NY-95 and Fol 072NY-95 were isolated in 1995 from a symptomatic plant of each of 'Georgia 1' and 'Bull' birdsfoot trefoil, respectively, that were grown in the greenhouse with infested soil from Wyoming County, NY, where 'Norcen' trefoil stands had declined.
Spore suspensions of inoculum were prepared by transferring mycelium and spores from cultures on potato dextrose agar to sterile fl asks of liquid Czapek Dox broth (Difco Laboratories, Detroit, MI). The inoculated fl asks were put onto a shaker at 150 rpm for 3 to 5 d. The three isolates were mixed in equal aliquots before adjusting spore density to 1 × 10 6 spores mL −1 using a hemocytometer. Additionally, we sterilized 500-mL fl asks containing 350 mL of vermiculite and 250 mL of a V8 juice (Campbell's Soup Co., Camden, NJ) mixture; the mixture consisted of 200 mL V8, 800 mL water, and 3 g CaC0 3 L -1
. The fl asks were seeded with pieces of the fungal cultures and left at room temperature under 24-h light for 3 wk. The fl asks were turned occasionally to allow for fungal growth throughout the vermiculite.
Inoculation and Selection of Plant Material
Plants were inoculated when they were 12-wk old. The inoculation procedure was modifi ed from those developed by Zeiders Seventeen weeks after inoculation, the plants were removed from the fl ats and evaluated for root discoloration using the following six-class rating scale (Miller-Garvin and Viands, 1994) : 0 = infection apparent at inoculation site, with very little or no upward spread of the lesion; 1 = distinct spots of discoloration with little or no coalescence or lateral spread of lesions and vertical spread of lesions less than halfway up the root; 2 = distinct discoloration spots spreading laterally, coalescing to less than 1/3 the diameter of the cortex, with vertical spread of lesions less than halfway up the root; 3 = 1/3 to 2/3 of root cortex discolored, with vertical lesion spread more than halfway up the root; 4 = more than 2/3 root cortex discolored, with lesion spread the entire length of root; and 5 = dead plant, entire root discolored. The diff erence in the number of plants before inoculation and at the termination of the experiment was considered as class 5.
From the individual plant disease ratings, mean disease severity was computed for each entry in every replicate. Analysis of variance was performed on means within replicates, and single-degree-of-freedom nonorthogonal contrasts among means of interest were calculated using the SAS System for Mixed Models (Littell et al., 1996) .
Field Trials
In 1998, seed of the cycle 2 selection of 81-82 Fusarium synthetic (Pardee) was sent to Minnesota Agricultural Experiment Station for seed increase. The 81-82 Fusarium synthetic cycle 2 seed was planted alongside nine commercially available birdsfoot trefoil cultivars (AU Dewey, Bright, Bull, Exact, Norcen, Steadfast, Upstart, Viking, and Wellington) in a fi eld trial. From greenhouse inoculation experiments, Bull, Norcen, Upstart, and Viking were all found to be susceptible to Fusarium oxysporum f. sp. loti (G. Bergstom, personal communication, 1996) . Three of the cultivars were not specifi cally selected for resistance to Fusarium oxysporum f. sp. loti: AU Dewey (Pederson et al., 1986) , Bright (Twamley et al., 1997) , and Steadfast or ARS 2620 (Beuselinck and Steiner, 1996) . For the two cultivars Exact and Wellington, seed was acquired from Canada and were not expected to have resistance to Fusarium oxysporum f. sp. loti. The trial was a randomized complete block design with ten entries and six replicates.
The fi eld trial was located on a producer's fi eld in Wyoming County (in western New York). The site had a long history of Fusarium-aff ected trefoil (Tillapaugh, 1995) . Birdsfoot trefoil seedings in this fi eld had repeatedly failed. Furthermore, isolates from the Kirsch farm in Varysburg, NY, ('Fo068', 'Fo069', 'Fo070', 'Fo071', and Fo072) were confi rmed as isolates of Fusarium oxysporum f. sp. loti (Wunsch et al., 2009 ). The fi eld was prepared for planting by the producer and was planted on 5 May 1999. Plots were planted using a 6-row seeder at a seeding rate of 11.2 kg ha −1 (10 lbs. acre -1 ). Plots were 1.06 m by 6.08 m. The number of live seeds in 0.15 g for each entry ranged from 68 to 102, with a mean of 87. Seed weight per plot was adjusted to plant 915 live seeds m -2 . The soil was an Erie Channery silt loam (fi ne-loamy, mixed, active, mesic Aeric Fragiaquepts), somewhat poorly-drained, with 8 to15% slope and pH 6.4. Postemergence herbicides and insecticides were applied as needed to control weeds and insects.
Plots were visually evaluated to determine the number of wilted, necrotic plants on 30 June and harvested for yield on 26 July and 15 Sept. 1999. Harvested plots were 1.0 m × 3.95 m (3.5' × 13'). Plots were harvested with a fl ail-type mower, and Hill (1988) and G.C. Bergstrom and D. Kalb (personal communication, 1996) . First, a plastic-lined tub was built in which to soak fl ats of plants in the inoculum. We lightly watered the fl ats of plants before inoculation, used a knife to cut around the perimeter of each fl at, and then tipped the entire plant and soil mass onto a level bench. We then cut the plant and soil mass with scissors so that slightly less than half of the root length (about 25 mm) was left attached to the plants. The bottom half of the soil mass was returned to its original deep fl at and set aside. The top half, containing soil and plants, was moved to a shallow (35 × 51 × 8 cm) mesh-bottomed tray lined with two layers of cheesecloth. Each of these trays was soaked in the spore suspension tub for approximately 45 min and then removed and drained.
Meanwhile, one and a half fl asks of the Fusarium-colonized vermiculite inoculum were spread across each original deep fl at, which contained the bottom half of each soil mass. After the trays that had been soaking in inoculum were adequately drained, each plant and soil mass was removed from the tray and cheesecloth, returned to the original deep fl at, and "rebuilt" so that the roots were in direct contact with the vermiculite and inoculum. Any vermiculite lost during the inoculation process was replaced. The fl ats were lightly watered and maintained in the greenhouse for approximately 120 d or 17 wk. Topgrowth was cut to 120 mm at inoculation and at 6 and 11 wk after inoculation. Total time in the greenhouse for one cycle of selection was about 7 mo.
Approximately 16 to 17 wk after inoculation, the plants were dug from the fl ats, and the taproots were sliced tangentially at several sites along their length to evaluate root discoloration. Slicing was initiated just above the infection point, and subsequent slicing progressed toward the crown. Individual plants were not given a numerical disease score but were selected if less than one-third of their cortex diameter was discolored and vertical discoloration or lesion spread was less than halfway from the infection point to the crown. From each plant population, we selected 1 to 3% of the inoculated plants that appeared resistant and had vigorous, healthy topgrowth. The selected plants were transplanted into 4-inch pots fi lled with Cornell soil mix. Post selection plant survival ranged from 72 to 100% and averaged 89 ± 8% for all populations except for Trevig, which had a plant survival of 47% at cycle 1. The plants fl owered after 5 to 6 wk, and at that time each population was individually intercrossed by bumble bees (Bombus impatiens Cr.) in an indoor pollination room to produce seed for the next generation of plants. This selection procedure was used for all six trefoil populations to produce cycle 1, 2, and 3 seed.
Progress after Three Cycles of Selection
For each of the six birdsfoot trefoil populations, plants grown from cycle 3 seed were compared with cycle 0 (unselected) plants for resistance to Fusarium wilt in the greenhouse. Viking and Norcen were included as susceptible checks. Also included was 'Pardee', which is cycle 2 of 81-82 Fusarium synthetic (cycle 2 greenhouse selection beyond the two cycles of fi eld selection by Zeiders and Hill, 1988) . The experiment was planted as a randomized complete block design with 15 entries, 45 seeds per entry per replicate, and six replicates. Flats were planted, inoculated, and maintained as described previously. We counted the number of plants just before inoculation and again just before disease evaluation. and the forage was collected in a canvas bag and weighed on a hanging digital scale. Twenty-fi ve percent of the plots were subsampled for dry matter determination to adjust forage green weights to dry weights for each plot.
In 2000, the plots were visually evaluated for percent stand on 20 September.
In Ithaca, NY, two fi eld trials were planted on 18 May 2004. One trial was inoculated with Fusarium oxysporum f. sp. loti and one trial was noninoculated. The two trials were planted in the same fi eld side by side. A split-plot design was not practical since the harvester could carry the Fusarium wilt organism from the inoculated plots to the noninoculated plots. The soil type was a Niagara silt loam (fi ne-silty, mixed, active, mesic Aeric Endoaqualfs). Trial layout followed a randomized complete block design with fi ve replicates for the noninoculated trial and six replicates for the inoculated trial. Trial entries included synthetic generation 2 seed for the 81-82 synthetic and AC Langille for both the unselected cycle 0 population and the cycle 3 selected populations. The trials were seeded mechanically in 1.0 × 4.9 m plots with six rows spaced at 15 cm. The seeding rate was adjusted for seed germination so that approximately 920 live, nondormant seeds were planted per square meter.
In fall 0-15-30 N-P-K was applied. In the establishment year, the trials were mown on 9 July and then harvested on 25 August. In 2005 harvest dates were 10 June, 18 July, and 14 September; in 2006, 19 June, 4 August, and 25 September; in 2007, 19 June, 31 July, and 21 September; and in 2008, one harvest was taken on 23 June before crop rotation. At each harvest, about 25% of the plots were sampled from the harvest bag for dry matter correction of the fresh plot weight. Dry matter samples were averaged from each replicate, and the average was applied to the plots that were not sampled.
The inoculum for the inoculated trial was prepared using the same method as for the greenhouse selection experiment. For the fi eld trial, however, the vermiculite was dried for 24 h at 30°C. Dried inoculum was plated on potato dextrose agar and confi rmed to be viable. For the inoculated trial, two seeders were used, one for the inoculum and one for the seed. For the inoculum seeder, the chains that pull soil into the furrow were removed. For each plot, a 2.3 kg can was used to measure the dried vermiculite-inoculum mixture. This mixture was put in the seeder cone and seeded into the plot furrows. A second seeder followed directly behind the inoculum seeder, following the same fi eld marks, and planted seed in the inoculum-fi lled furrows. For fi eld management, the noninoculated trial was always harvested fi rst, to avoid contamination of the Fusarium wilt organism from the inoculated trial. All equipment was cleaned thoroughly after seeding and harvesting.
A few symptomatic plants that had wilted topgrowth were dug from the inoculated trial in 2004. The Fusarium oxysporum f. sp. loti isolate 'FoGF3c' was obtained from one of these plants (Wunsch et al., 2009 ). This isolate was confi rmed to be identical to Fo069 and Fo072 from the Kirsch farm.
In July of the fourth production year, plant counts were taken by randomly tossing two 0.3 m × 0.3 m (0.18 m 2 total) metal grids into each plot and counting the number of birdsfoot trefoil plants in each grid. The grid counts were added together and the sum used for statistical analyses. All trial replicates in both the inoculated and noninoculated trials were counted for number of surviving birdsfoot trefoil plants per 0.18 m 2 .
RESULTS AND DISCUSSION
Selection Progress
From the greenhouse evaluation, two susceptible cultivars, Norcen and Viking, averaged 77% of all plants that were dead or class fi ve (Table 1 ). The cycle 0 populations had mean disease severity scores from 3.91 to 4.63 with an overall mean of 4.21. The cycle 3 populations had mean disease severity scores from 2.04 to 3.18 with an overall mean of 2.76. Thus selection was successful in increasing Fusarium wilt resistance in all six populations; the mean rate of gain per cycle was 0.48 units of mean disease severity score. The percent gain from selection ranged from a low of 21% for the MN population to a high of 48% for the 81-82 Fusarium synthetic. The mean percent gain from selection across all six populations was 35%. Cycle 0 populations averaged 27% of plants in disease classes 0 to 3 (resistant to moderately resistant), and this increased to 79% after three cycles of selection. Using the mean disease severity score, cycle 2 of the 81-82 Fusarium synthetic was 37% more resistant than its cycle 0 (unselected) counterpart, and 16% more resistant than the more advanced cycle 3 versions of the other fi ve trefoil populations. Cycle 0 of the 81-82 Fusarium synthetic had a higher level of resistance than the other base populations probably due to the previous selection done by C.C. Lowe and K. Zeiders (personal communication, 1982) . Cycle 2 of 81-82 Fusarium synthetic is now the cultivar Pardee.
The cycle 0 81-82 Fusarium synthetic is the same population as NY9512, which Altier et al. (2000) evaluated for level of resistance to a composite of Fusarium oxysporum isolates collected in Uruguay. The NY9512 population had been previously selected for resistance to Fusarium wilt in the fi eld in northern New York after two cycles of selection against Fusarium oxysporum f. sp. loti (Bergstrom and Kalb, 1995) . When Altier et al. (2000) tested NY9512 with the Uruguayan Fusarium isolates, they determined that it had disease resistance levels similar to those found in SG-R1, the Uruguayan plant population developed by one cycle of selection using Uruguayan isolates. NY9512 had 34% resistant plants and SG-R1 had 33% resistant plants. Another population that Altier et al. (2000) tested, C534, also had been selected previously after two cycles using New York Fusarium oxysporum isolates. Again, C534 showed levels of resistance to the Uruguayan isolates as being similar, or superior, to SG-R1 (55% resistant plants). These results show that selection using the New York Fusarium oxysporum f. sp. loti isolates conferred resistance to the Uruguayan Fusarium isolates, indicating a nonspecifi c type of resistance. at harvest 2 in 1999 (p < 0.01, Table 2 ). Furthermore, cycle 2 of 81-82 Fusarium synthetic showed lower disease incidence than all cultivars other than Norcen (Table 2) . Norcen appeared resistant to Fusarium wilt, similar to cycle 2 of the 81-82 Fusarium synthetic, but by the end of the fi rst production year the percent stand for Norcen was as low as the other susceptible entries. Disease development in Norcen may be slower than in other susceptible cultivars. At the end of the fi rst production year, cycle 2 of the 81-82 Fusarium synthetic plots maintained more than a 50% stand through September of that year. Stands of the nine cultivars averaged 14% trefoil by September. Thus, the population with Fusarium wilt resistance survived longer in the fi eld than the other birdsfoot trefoil cultivars.
Field Trial -Natural Infestation of Fusarium Wilt
Field Trial -Noninoculated vs. Inoculated with Fusarium Wilt
For each population (81-82 Synthetic and AC Langille) and means across populations, yields were not signifi cantly different between the cycle 0 and cycle 3 populations before the second production year (data not shown). The mean cycle 0 and cycle 3 yields across the two populations in the noninoculated trial at the one harvest of the establishment year were similar to the mean cycle 0 and cycle 3 yields in the inoculated trial (3.67 vs. 3.45 mg ha −1 , respectively). In the fi rst production year, the average of the cycle 0 and cycle 3 yields across the two populations in the noninoculated trial was 9.56 mg ha -1 and for the inoculated trial was 8.62 mg ha −1
. A high seeding rate may have masked early stand declines.
For the second, third, and fourth (Harvest 1 only) production years for each of the two populations and averaged across populations, cycle 3 yielded signifi cantly more than cycle 0 for both the inoculated and noninoculated trials ( Fig. 1 ; p < 0.01). At the fi rst harvest of the fourth production year for each of the two populations and averaged over populations, cycle 3 yielded signifi cantly more than cycle 0 for the inoculated trial (p < 0.05). In the noninoculated trial, fourth production year, cycle 3 yielded signifi cantly more than cycle 0 only for the AC Langille population (p < 0.05). Although comparisons between the inoculated and noninoculated trials are not statistically valid, the yields of the inoculated trial were lower than those of the noninoculated trial at every harvest. Yield diff erences between cycle 3 and cycle 0 populations for the inoculated trial were expected, but similar yield diff erences for the noninoculated trial were surprising. These yield diff erences may be because the greenhouse plants selected for Fusarium wilt were more vigorous or better suited to fi eld conditions. Another possible explanation is that the fi eld was already infected with Fusarium wilt but was at a lower level than for the inoculated trial. 
